A number of multichain enzymes have been reversibly inactivated by urea, guanidine, or low pH, including aldolase,I fumarase,2 alkaline phosphatase,8 and a-glycerophosphate dehydrogenase.4 In some cases, the enzymes have been shown to dissociate into subunits. Epstein et al. have recently shown that under appropriate conditions, rabbit muscle lactic dehydrogenase (LDH) can be reactivated after denaturation by 10.5 M urea or 5 M guanidine, thus demonstrating thermodynamic control of formation of the native conformation of a multichain protein that contains no disulfide bonds. 5 Malic dehydrogenase (MDH) and LDH are similar in several ways. Both enzymes exist in multiple forms,6' I and bind more than 1 mole of coenzyme per mole of enzyme.8' 9 Neither contains disulfide bridges and both are readily inactivated by guanidine or urea; such treatment results in complete exposure of sulfhydryl groups to HMB.10 By several criteria both enzymes have been shown to contain subunits.6 11, 12 Several laboratories have found that DPN, DPNH, and their analogues will protect dehydrogenases against various conditions that cause inactivation.'3- '6 Inactivation of LDH by sodium dodecyl sulfate, concentrated urea, and guanidine hydrochloride is accompanied by dissociation into subunits, loss in protein fluorescence, and decreased optical rotation.', "1, These effects can be markedly reduced by pyridine nucleotides.
We have previously reported hybridization of chicken H4 and beef H4 LDH's after reversible inactivation of the enzymes in urea. '7 As part of a continuing study of the structure of dehydrogenases, a modification of the procedure described by Epstein et al.5 has been used to test the effects of coenzyme and various ions on the rate and extent of reactivation of MDH and LDH after dissociation by urea, guanidine hydrochloride, or acid. These procedures have also been used to study hybridization between LDH's from different species, between MDH's from different species, and between supernatant and mitochondrial MDH's. Materials and Methods.-AcPyDPN, DPN, and DPNH were purchased from P-L Biochemicals, Inc. AcPyDPNH was produced by enzymatic reduction of AcPyDPN according to the general method described previously.'8 Sodium pyruvate and oxaloacetic acid were purchased from Nutritional Biochemicals Corp., fl-mercaptoethanol and guanidine hydrochloride from the Eastman Kodak Co., and urea from Fisher Scientific Co. Urea and guanidine hydrochloride were recrystallized from methanol.
Beef H4 and chicken H4 LDH's were prepared as described by Pesce et al. '8 Crystalline tuna mitochondrial MDH, pig supernatant and mitochondrial MDH's, and chicken mitochondrial MDH were prepared in this laboratory by methods to be described elsewhere.
Starch gel electrophoresis was performed as described by Fine ing the course of the assay. En-tivation period. Chicken H4 LDH was inactivated zyme (3.7 X 10-6 M) was in-in urea and then diluted to reactivate. Separate activated in 9.6 M urea in 0.1 M Tris*HCl + 0.1 M -aliquots of reactivating enzyme were withdrawn at mercaptoethanol (pH 7.5). Fur-various times and assayed for enzymatic activity ther details are given in the and fluorescence enhancement on addition of AcPytext.
DPNH. The data obtained clearly established an exact correspondence between coenzyme binding and return of enzyme activity. It appears that the reduced coenzyme does not bind to the completely denatured enzyme. This observation is in agreement with previous observations of McKay and Kaplan.9 If AcPyDPNH does interact with the unfolded polypeptide, the binding site is distorted to such an extent that there is no enhancement of fluorescence.
(b) Malic dehydrogenase: MDH can be partly reactivated after denaturation in 10 M urea plus f-mercaptoethanol, but the effects of coenzyme on the rate of reactivation have not been examined.
Dissociation by guanidine: (a) Lactic dehydrogenase: The data summarized in Figure 2 (bottom) show that the reduced coenzyme also accelerates the rate of reactivation of LDH after denaturation in 7.6 M guanidine hydrochloride. In the absence of coenzyme, approximately 17 per cent of the enzyme activity was recovered in 150 min. The rate and extent of reactivation rose significantly in the presence of DPN, and increased even more when DPNH was added instead of DPN.
Heart-type LDH's are very susceptible to inhibition at high pyruvate concentration. 22 The ratio of initial rates of reaction at 3.3 X 10-4 M pyruvate and 1.0 X 10-2 M pyruvate (DPNHL/DPNHH) is a convenient measure of this property. As shown in Figure 2 (top), this ratio is very low during the initial stages of reactivation and approaches the ratio for untreated enzyme after about 3 hr. This change in ratio is markedly accelerated by both DPN and DPNH, DPNH being slightly more effective. If substrate inhibition is associated with binding of excess pyruvate, it appears that during the initial phase of reactivation the enzyme does not have the same affinity for pyruvate as the native enzyme.
Several ions were found to inhibit the rate and extent of reactivation of LDH after denaturation in guanidine hydrochloride. The order of effectiveness of 0.1 M salts as inhibitors of reactivation was I-> Br-> Cl-> F-, although citrate, acetate, and lactate were without effect. An identical order was obtained for protection of MDH against heat inactivation by 0.1 M solutions of the same salts, with a concentration of enzyme equivalent to that used in the reactivation.
Dissociation by acid: (a) Lactic dehydrogenase: A low level of reactivation (5-10%) could be obtained when LDH was treated with acid in a manner similar to that described below for MDH.
(b) Malic dehydrogenase: MDH treated with acid, as described in the Methods section, can be reactivated at neutral pH in the presence of f3-mercaptoethanol. those of the native enzymes. Native chick heart mitochondrial MDH has a molecular weight of 67,000 and an s20ow of 4.0, whereas the acid-treated material is found to exhibit a single peak in the ultracentrifuge with an 820,w of 1.7. An MDH, probably of somewhat different nature, from Bacillus subtilis 168 W,24 has a molecular weight in the native state of 100,000 and an 820,w of 6.0, although the acid-treated enzyme, homogeneous in the ultracentrifuge, shows an 820,w of 3.0.
Hybridization: (a) Malic dehydrogenase: By mixing together aliquots of either guanidine hydrochloride or acid-treated enzymes from different sources and reactivating such a mixture by dilution, hybrid enzymes were prepared, their pres-ence being detected by starch gel electrophoresis. Hybrids of mitochondrial MDH's from different species and hybrids of supernatant and mitochondrial MDH's from a single species have been obtained. In the former case a hybrid enzyme has been isolated by starch block electrophoresis. 20 The catalytic and immunological characteristics of this hybrid are intermediate between the two parent types, suggesting that subunits act independently. Further details will be presented elsewhere.
(b) Lactic dehydrogenase: Several hybridization experiments are summarized in the diagram of Figure 6 . Chicken H4 and beef H4 LDH's were inactivated separately in 6.1 M guanidine hydrochloride, and reactivation was started by diluting separate aliquots 20-fold in the presence and absence of DPNH. At various times during the reactivation, aliquots of the separately reactivating enzymes were mixed and allowed to continue to reactivate for 3-5 hr and then subjected to starch gel ENZYME REACTIVATION ADDITIONS TIME In further studies we have observed the reversible inactivation of a-glycerophosphate dehydrogenase by guanidine hydrochloride and Dr. J. Pudles of this laboratory has shown reversible inactivation of triosephosphate dehydrogenase with urea, guanidine hydrochloride, and acid treatment.
Several investigators have reported phenomena analogous to the effect of coenzymes and ions on reactivation of LDH and MDH after denaturation in guanidine, acid, and urea. Fincham isolated a mutant of Neurospora containing a temperature-sensitive glutamic dehydrogenase. This enzyme was inactivated at low temperature; it could be reactivated at 34°. But the temperature of reactivation was lower when the enzyme was incubated with substrate. 25 Winterhalter and Huehns reported that globin consisted of a: subunits and addition of hemin caused the rapid formation of the tetramer, a2 /32. 26 The results of studies by Hill and Kanarek on reactivation of urea-denatured fumarase are similar to those presented in this paper. After dissociation into subunits by 8 M urea, the rate of enzyme reactivation was very slow in water, but in the presence of malate and phosphate essentially all the activity was regained.2
In a recent preliminary report, TMetzger and Mannik have reported that heavy and light chains of dissociated antibody were preferentially recombined when hapten was added, even in the presence of dissociated nonspecific -y-globulin. 27 Various authors have interpreted in two ways the effects of small molecules on the state of aggregation of multichain proteins. Substrate, coenzyme, hapten, or ions could interact with specific portions of unfolded polypeptide chains and induce conformational changes that facilitate reaggregation. An equally plausible explanation is that refolding and polymerization is strictly a function of the amino acid sequence and that in a state of equilibrium between native and denatured forms the small molecules "pull" the equilibrium by stabilizing the native structure.
Although the data presented in this paper do not rule out the possibility that DPNH interacts with unfolded, dissociated LDH, they can be explained easily on the basis of stabilization of the tetrameric form by coenzyme. The hybridization experiments suggest that in the presence of dilute guanidine and mercaptoethanol, but in the absence of coenzyme, the tetramers may be in equilibrium with the monomeric form. The subunits recombine essentially at random, even after the reactivation process, as determined by measurement of enzyme activity, is 50-75 per cent complete. When coenzyme is present, the native tetrameric form appears to form quickly because hybridization is completely inhibited.
Another possibility is that during reassociation of monomeric units of LDH, a tetramer is formed that is not identical with the native tetrameric structure. Such a tetrameric form may be responsible for the abnormally low ratio of substrate inhibition observed in the initial stages of the reassociation in the absence of coenzyme. There may be rearrangement into a more stable tetramer, the coenzyme catalyzing this rearrangement. We propose that subunits can interact to form a number of polymeric structures but that the most stable form, thermodynamically, is the native enzymatic form. This would be in accordance with the observations on the reactivation of ribonuclease. 28 The inhibitory action of CTP on the aspartate transcarbamylase reaction may be exerted by influencing the nature of the interaction between regulator and enzyme units.29 Thus, the possibility exists that the difference in the mode of interaction of subunits may account for the differences observed in the catalytic properties of a given enzyme.
Summary.-Lactic dehydrogenase and malic dehydrogenase have been reversibly denatured by guanidine hydrochloride, urea, and acid, and the effects of various ions and coenzymes on the kinetics of the reactivation have been examined. Reduced diphosphopyridine nucleotide causes a marked increase in the rate and extent of reactivation of both enzymes. Completely denatured lactic dehydrogenase does not appear to bind reduced acetylpyridine dinucleotide but, during the course of reactivation, the protein regains its ability to bind reduced acetylpyridine dinucleotide. During the initial stages of reactivation from guanidine hydrochloride, chicken heart lactic dehydrogenase does not exhibit the catalytic properties of the native enzyme as regards substrate inhibition, but as reactivation proceeds, the normal low to high pyruvate ratio of the native enzyme is attained.
The kinetics of reactivation of both lactic dehydrogenase and malic dehydrogenase are modified by the addition of various salts. The techniques of reversible dissociation have been used to produce hybrids of the following: mitochondrial malic dehydrogenases from different species, supernatant and mitochondrial malic dehydrogenases from a single species, and beef and chicken heart lactic dehydrogenases. Reduced diphosphopyridine nucleotide is a potent inhibitor of hybridization of lactic dehydrogenases during reactivation from guanidine hydrochloride. These results are discussed in terms of the possible interactions between subunits and various small molecules, which affect their states of aggregation.
